Abstract. The Ni x Zn 1-x O thin film with different contents were fabricated by metal-organic chemical vapour deposition system. The electrical properties of the films, such as the resistances and the carrier concentrations were measured and analyzed detailed. The results showed the Ni and oxygen content could eliminate the intrinsic donor defects and increase the acceptor defects in the film effectively. The p-type Ni x Zn 1-x O film with high hole concentration can be obtained easily by controlling both the Ni and O content in the film.
Introduction
As a compound semiconductor material with wide band gap of 3.37eV and large exciton binding energy of 60meV at room temperature [1, 2] , ZnO has been extensively studied because of its potential applications in various fields, such as light-emitting diodes [3] [4] [5] , laser diodes [6] , solar cells [7] , photodetectors [8] [9] [10] . Undoped ZnO thin films, however, exhibit typical n-type conduction which is caused by a deviation from stoichiometry due to the low formation energies for intrinsic donor defects, such as zinc interstitials and/or oxygen vacancies [11, 12] . The defects limit the realization of controllable, reliable and high-conductivity p-type conductivity. This factor also prevents the further application of ZnO material all along. On the contrary, undoped NiO is an intrinsically p-type semiconductor with band gap energy from 3.6 to 4.0eV, which is attributed to the appearance of acceptor defects nickel vacancies and interstitial oxygen in NiO [13, 14] . By alloying ZnO and low-dose NiO material, the electron concentration in ZnO films can be reduced effectively. The band gap of ZnO, however, can be affected hardly. Currently, few papers have reported electrical properties of NiZnO thin films, especially the NiZnO grown by metal organic chemical vapor deposition (MOCVD) technique.
In this paper, MOCVD system was used to deposit the NiZnO thin films on sapphire substrates. The electrical properties of these films, such as the resistances and the carrier concentrations were measured and analyzed detailed.
Experimental Procedure
NiZnO thin films were grown on c-axis sapphire substrates by low-pressure MOCVD. Before the growth process, the sapphire substrates were cleaned ultrasonically with a sequence of methylbenzene, acetone, alcohol and deionized water for five minutes, respectively. Then the substrate was sent into the growth chamber with the base vacuum pressure of 3.0×10 -4 Pa. In the growth process, Diethyl zinc (DEZn), NiMcP 2 and oxygen were used as the zinc, nickel and oxygen reactants respectively. They were introduced into the reactor through separate injectors to avoid the pre-reactions of metal organic sources and O 2 effectively [15] . The thicknesses of the films were all about 400nm, the growth temperature were 600 o C, and the reactor chamber pressure was kept at about 76Pa in the whole growth process. In our experiment, the samples with different Ni and oxygen content were grown by adjusting the NiMcP 2 and oxygen fluxes All of the measurements were performed at room temperature. Figure 1 . shows the XRD patterns of Ni x Zn 1-x O thin films with different Ni content (x=0, 0.13, 0.18). The pure ZnO film was transparent and well oriented to the c-axis. Only one peak positioned at 34.5° can be observed in the pattern, which corresponded to the (002) orientation. Note that the (002) peaks of the alloys shifted toward higher diffraction angle (34.7°) when value x was 0.13. According to the Bragg's law [16] , the shift indicated that the lattice parameter of the NiZnO films decreased gradually with the increasing Ni content. Moreover, a new peak positioned 36.4°, which correspond to ZnO (101) orientation, appeared in the profile of the Ni 0.13 Zn 0.87 O film. At the same time, the intensity of the (002) peak became weaker. Polycrystalline structure was caused by the existence of Ni for it degrading the crystal quality of the film. When the value of x was 0.2, the (002) peak returned to 34.5°. Two new peaks positioned 37.5° and 43.6° can be observed in the XRD pattern of Ni 0.18 ZnO 0.82 O film. They corresponded to the (111) and (200) peaks of NiO material, which indicated the NiO phase separation, had come into being. figure 2B-2D respectively. The figure 2B shows the typical hexagon structure and the regular c-axis direction. However, the crystal quality degraded clearly when the Ni element was doped. The hexagon structure had become irregular though the c-axis direction was clear yet ( figure 2C ). When the value of x was 0.18, the grown direction became disorder due to the phase separation ( figure 2D) . The results accorded with the results of XRD patterns greatly.
Results and Discussions
To evaluate the effect of the Ni and oxygen content on the electrical properties of NiZnO film, the resistances and carrier concentrations of NiZnO films with different Ni and oxygen content were measured by the HL 5500 Hall system. Considering the appropriate expression about the Hall system, all samples were measured ten times. We figured out the average values from the data and the final results are shown in the table 1. and 2. Table 1 . exhibits the resistances of samples with different Ni content and oxygen flux. From the table, same orders can be found in every row. With the same Ni content, the resistances increased remarkably with the increasing oxygen flux, especially in the sample with low Ni content. The decreasing resistances with high Ni content were maybe resulted from the conductivity converting. With the same oxygen flux, the resistances increased when the Ni content was 0.13. Then several resistances began to decrease when the Ni content increased continuously, which implied the conductivities type of the sample had converted. The similar order can be also concluded from the table 2. Table 2 . shows the carrier concentrations of samples with different Ni content and oxygen flux. In the samples with same Ni content, the carrier concentrations decreased remarkably with the increasing oxygen flux, especially in the sample with low Ni content. Moreover, in the sample with same oxygen flux, the carrier concentrations decreased when the Ni content was 0.13. Then the carrier concentrations, however, increased when the Ni content increased continuously. In the table, many samples exhibited the p-type conductivity. Note that the hole concentration even attained +2.2×10
18 cm -3 with the high oxygen and Ni content.
The above results coincided with our estimation greatly. The p-type film can be obtained by adjusting the intrinsic defect content, such oxygen vacancy in growth environment [17] . Theoretical calculation [18] had suggested the defects associating with zinc vacancy (V Zn ), the oxygen interstitial (O i ), and the oxygen antisite (O Zn and O Ni ) in NiZnO film. In the pure ZnO film, the V Zn , O i both exhibited the lower formation energy in all the range of the Fermi energy and acted as a shallow acceptor indeed. Moreover, the O Zn can be produced by combination of V Zn and O i . So the O Zn also acted as the shallow acceptor. The content of these shallow acceptors in pure ZnO film, however, were very low. On the contrary, the content of some donor defect, such as V O and Zn i were high, which prevent the film converting to p-type conductivity effectively. The relation between the donor defects and oxygen pressure was as followed:
(1)
(2) [18] The Po 2 denoted the oxygen partial pressure during growth. When the Po 2 was lower, V O was the main native donor defect. So the ZnO film exhibited n-type conductivity. With the increasing Po 2 , the concentration of V O decreased according to the above equations, which resulted in the resistance increasing and the electron concentration decreasing. So the p-type ZnO should be obtained in O-rich condition primarily.
In pure NiO film, on the contrary, the contents of these defects, such as O i and O Ni , were high greatly, which resulted in the pure NiO film presenting the p-type conductivity. The relation between the acceptor defects and oxygen pressure was as followed:
(4) According to the above two equations, when Po 2 was high, O i and O Ni were the main acceptor defect, which resulted in the NiO exhibiting the p-type conductivity.
Comparing the equation1-4, increasing the Ni and oxygen content could reduce the intrinsic donor defect concentration of ZnO film effectively. Therefore, it is easy to obtain p-type film by this way. The room temperature photoluminescence (PL) spectra of pure ZnO and Ni 0.13 Zn 0.87 O films are shown in figure 3 . The PL measurements were performed using a He-Cd laser (325nm, 30mW). The spectra both exhibited major peaks at about 3.32eV attributing to the relative near-band-edge emission [19] . The deep-level emission (DLE) peaks, especially the ones at about 2.38eV, can be perceived in both curves. The DLE peak was believed to be caused by the O Zn and O i according to our previous works [20, 21] .
Conclusions
The NiZnO thin film with different Ni and oxygen content were grown by MOCVD system. The electrical properties of these films were analyzed detailed. With the same Ni content, the resistance increased with the increasing oxygen flux on the whole due to the decrease of the number of the intrinsic donor defects. Furthermore, with the same oxygen flux, the resistances of the film increased with the increasing Ni content too. It was caused by the increase of the intrinsic acceptor defects. The similar orders can be also found by analysis on the carrier concentrations of the samples. The conclusion can also be proved by the analysis on the defect levels (O Zn and O i ) from the PL spectrum. By the MOCVD system, the electrical properties of the films could be controlled by the method without crystal quality degrading greatly. This is an effective way to grow the p-type NiZnO film with high hole-concentration.
